INTRODUCTION
During a research programme followed during the last few years I have collected and incubated large numbers of eggs of the monogenean Entobdella soleae, a skin parasite of the common sole (Solea solea). The eggs of this parasite require little use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0031182000044486 102 G. C. KEARN attention and will develop and hatch if left undisturbed at room temperature (20 °C). On occasions when batches of eggs were kept at room temperature in the laboratory, where they were also exposed to the natural changes of daylight, the impression was gained that hatching took place with greater abundance in the mornings; after removal of large numbers of larvae at midday for experimental purposes very few free-swimming larvae were found in the culture dishes at the end of the afternoon. As the eggs of the parasite lie on the sea bottom (Kearn, 1963a) , hatching at a particular time of day might have considerable survival value since Kruuk (1963) has shown that Solea solea feeds during the night and spends the daylight hours buried in the surface layers of the sand. Therefore it seemed worth while to make a detailed study of hatching in E. soleae.
MATERIALS AND METHODS

Collection and maintenance of eggs and recovery of hatched larvae
Parasites were obtained from two sources: Mr J. E. Green kindly maintained infected soles at the Laboratory of the Marine Biological Association of the United Kingdom at Plymouth, and on many occasions he sent living parasites to Norwich; on a few occasions, with the kind permission of Mr G. Thacker, parasites were removed from heavily infected soles kept at the Fisheries Laboratory, Lowestoft, and a small number of infected soles caught by the Laboratory's research vessels in the North Sea were maintained in circulating sea water in Norwich.
Most of the eggs used in the following experiments were laid by batches each of 20-50 adult parasites which were detached from soles kept at Plymouth or Lowestoft. These parasites were allowed to reattach themselves to the inner surface of a sea-water-filled, glass, crystallizing vessel (diameter 5 cm) and were transported to Norwich in vacuum flasks. The eggs laid by these parasites are tetrahedral in shape, each with an appendage bearing sticky droplets which serve to attach the eggs firmly to the inner surface of the vessel (Kearn, 19636) . Such parasites will continue to lay eggs for 2-5 days (depending on ambient temperature) until, perhaps weakened by starvation, they can no longer remain attached to the inner surface of the vessel. Because the eggs are firmly attached, emptying the sea water from the vessel and replacing it with fresh, filtered sea water effectively removes any detached, dead or living parasites with little danger of dislodging the eggs. The oncomiracidia emerging from these eggs can be harvested in a similar manner by pouring the sea water in the crystallizing vessel into a counting dish, and refilling the vessel with fresh sea water.
This technique for maintaining eggs and harvesting larvae has advantages for certain experimental procedures, particularly for the recovery of larvae in total darkness, but it is not suitable for procedures requiring subdivision of the batch of eggs into separate portions. For the latter purpose the freshly laid eggs were detached with a fine needle and transferred to small circular containers (internal diameter about 9 mm, see Fig. 1 ) machined from a solid block of perspex. Each of these containers was immersed gently in filtered sea water in a crystallizing vessel
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(5 em diameter); a raised collar permitted easy lifting with forceps. Larvae were harvested by transferring the unhatched eggs in their perspex container to a crystallizing vessel of fresh sea water, leaving the free-swimming larvae behind in the first crystallizing vessel. With a little practice it was possible to locate the raised collar of the perspex container in total darkness and transfer the container with forceps to fresh sea water.
All glassware and perspex containers were thoroughly cleaned before use with hot soapy water followed by washing in running tapwater and several rinses in distilled water. Crystallizing vessels containing eggs were covered to reduce evaporation and to exclude dust, the latter making the counting of larvae difficult.
Free-swimming larvae harvested from eggs adhering to the bottom and sides of a crystallizing vessel, or from eggs in a perspex container could be counted accurately only after killing the larvae by the addition of a little 5 % formaldehyde, allowing 1 or 2 min to pass before beginning the count in order to allow dead larvae to sink to the bottom. Counting of larvae on the bottom was made easier by inscribing a grid on the inner surface of the flat bottom of each crystallizing vessel. Larvae are frequently trapped at the surface of the water and a careful search of the water/air interface was carried out to ensure recovery of as many hatched larvae as possible.
Efficiency of techniques for recovery of larvae
It would appear at first sight that all the hatched larvae would be recovered by draining out the sea water from a vessel containing firmly attached eggs. However, direct observation of freshly hatched larvae revealed that it is not uncommon for such larvae to attach themselves temporarily by means of the head region to the inner surfaces of containers, presumably by means of sticky secretions from the gland cells in that region (Kearn, 19636) . Tipping out the sea water will remove only free-swimming larvae and not those attached to the vessel's inner surface. Furthermore, it is a common observation that particles trapped at the water/air interface may adhere to the inner surface of the vessel when the water is poured out. Since living and dead larvae are frequently found trapped at the surface by surface tension, these may likewise remain in the dish on tipping out the sea water.
There is good evidence that not all larvae are recovered by complete drainage of the dish containing eggs; hourly sampling by draining and refilling a dish of hatching eggs yields, as well as large numbers of ciliated free-swimming larvae, occasional individuals lacking ciliated epidermal cells. Since larvae have a freeswimming life of 9-14 h at 17 °C (Kearn, 1967) , the unciliated larvae are unlikely to be freshly hatched. Furthermore, a few dead and partially decomposed larvae are sometimes found adhering to the bottom of a dish containing a batch of eggs in which hatching is nearing completion.
The alternative technique for harvesting larvae involves the transfer of hatching eggs, stored in a small perspex container, from one crystallizing vessel containing sea water to another, thereby separating the eggs from the free-swimming larvae left behind in the first vessel. It is likely that some hatched larvae will be carried 104 G. C. KEABN over from one vessel to another attached by their sticky glands to the perspex container, and it is inevitable that a small volume of sea water, perhaps containing larvae, will be scooped up and transferred inside the perspex container.
In order to determine how many larvae were carried over from one sample to another a crystallizing vessel known to contain firmly attached hatching eggs was used. Larvae were harvested by tipping out the sea water into a counting vessel; then the dish was immediately refilled and drained out at once into a second counting vessel. The numbers of larvae recovered in the second washings were usually small, but on one occasion recoveries of free larvae in the second sample were about one third of the recoveries in the corresponding first sample. Larvae collected in the second washings were mostly free-swimming, but dead and living individuals without ciliated epidermal cells have been recovered. The indications are that the numbers of free larvae that are carried over from one sample to another are relatively small and are unlikely to lead to serious distortion of the patterns of hatching. It must be borne in mind that the numbers of larvae recovered will be a good guide to, but will not always be the same as, the numbers of freshly hatched larvae.
Experimental environment for incubation
Every effort was made to create an experimental environment for the eggs which matched as closely as possible the conditions at a depth of 30 m in coastal waters where a dense population of soles is known to occur (Kruuk, 1963) . The eggs were maintained at a selected temperature in the range 12-16 °C, such temperatures falling within the range of bottom temperatures in the southern half of the North Sea where infected soles are abundant (International Council for the Exploration of the Sea, 1965) . Temperatures at depths of 50 m off the coast at Plymouth vary from 10-13 °C during the year (Armstrong & Butler, 1962) .
If desired the eggs could be illuminated with fluorescent lighting (see below for details of apparatus). This lighting was mounted above the eggs, either on a bench top in a constant temperature room or inside a light-tight incubator which was designed to compensate for fluctuations in temperature resulting from the heat output of the lighting. The incubator was kept in a room maintained at the same temperature as that of the incubator to eliminate temperature changes when opening the incubator door. Temperature probes showed no appreciable difference between the temperature at the bottom of the incubator and room temperature, and no significant difference in internal temperatures was detected whether the lighting was switched on or off.
It was desirable to expose the eggs to illumination of about the same intensity and spectral quality as the down-welling natural daylight at a depth of 30 m in coastal waters. Kruuk (1963) pointed out that the light transmitted by a saturated solution of copper sulphate was likely to be similar in quality to that illuminating the sea bed at such a depth, so the light illuminating the eggs was first passed through a dish containing a saturated solution of copper sulphate.
Although there is a good deal of information on light intensities at depth in clear oceanic water (Jerlov, 1947; Boden, Kampa & Snodgrass, I960), almost no measurements, in terms of energy levels over the whole spectral range, have been made for less transparent coastal waters. Kruuk (1963) gives a level of 1 erg/ cm 2 /sec (100 nW/cm 2 ) at a depth of 30 m at noon on an overcast winter day and a level of 1000 ergs/cm 2 /sec (10 5 nW/cm 2 ) at midday on a sunny summer day. These are estimates based on measurements of surface light subsequently reduced by calculation to allow for absorption in the 30 m water column. The extinction coefficient of Clarke (1954) for yellow-green light in coastal waters was used in the calculation.
In early experiments on the effects of light on hatching of the eggs of Entobdella soleae a combination of neutral density filters ('Cinemoid' sheet filters) was selected to provide a light intensity at the lower end of Kruuk's estimated range, namely 300-500 nW/cm 2 (see below for methods of light measurement). However, Ackefors, Ahnstrom, Eriksson, Lindh & Rose'n (1969) made actual measurements at depths down to 25 m in the Skagerrak near the Institute of Marine Research at Lysekil in Sweden, and these figures differ substantially from the estimates of Kruuk. Extrapolation of their curves (their fig. 14) to a depth of 30 m gives a June figure (measured at 13.00 h; some cloudiness) of about 100 nW/cm 2 and an October figure (measured at 15.00 h; overcast) of about 10nW/cm 2 . It seems most likely therefore that soles in the North Sea and in the English Channel will experience light intensities much lower than the levels estimated by Kruuk, and therefore further experiments were conducted to determine whether hatching patterns of E. soleae at light intensities around 60 nW/cm 2 were comparable with those at 300-500 nW/cm 2 . However, infected soles have been found as far south as Lisbon (Kearn, unpublished observations) at a latitude of about 39° N, and in view of the high latitude of Lysekil (about 58° N) and the fact that Ackefors et al. (1969) recorded some cloudiness when their summer measurements were taken, it is probable that light intensities as high as 500 nW/cm 2 will fall within the range of light intensities experienced by infected soles.
The lighting was arranged with these requirements in mind. The source of light was a 28-5 cm fluorescent tube mounted in a metal shield designed to prevent the lateral escape of white light (Fig. 1) . The shielded fluorescent tube was mounted on a perspex-covered, shallow glass dish containing saturated copper sulphate solution. The dish was similarly enclosed in a metal casing and was screened using cardboard, opaque tape and black cloth to ensure that all the white light passed through the copper sulphate solution. The copper sulphate filter was supported on a perspex shelf and the required neutral-density filters were sandwiched between the base of the glass dish and the shelf. The fluorescent lighting was programmed by a time switch in order to provide the desired light regime.
Light measurement
The spectral irradiance from the light source, after passage through the filter system, was measured, with the kind assistance of Mr Victor Bye of the Fisheries Laboratory, Lowestoft, by means of a Gamma 2020 SR Spectroradiometer (Gamma Scientific Inc., San Diego, California), fitted with a 3-5 cm diameter cosine receptor and a 700-24 extended range photomultiplier tube. The spectro- radiometer incorporates a Bausch and Lomb grating monochromator (No. 33-86-02: 1350 grooves/mm; linear dispersion 6-4 nm/mm) and slits passing 9-6 nm halfwidth were used. Irradiance was measured at 10 nm intervals from 350-800 nm and the total energy (in nW/cm 2 ) was determined by summation of these measurements.
The spectroradiometer was calibrated against a uniplanar vacuum tungstenfilament lamp burning at a colour temperature of 2400 °K and at an intensity of 61-2 candelas (determined by the National Physical Laboratory).
The spectral distributions of light using two separate combinations of ' Cinemoid' neutral density filters are shown in Fig. 2 . In addition to the copper sulphate filter a combination of two 'Cinemoid' No. 56 filters (pale chocolate) and a single No. 55 filter (chocolate tint) gave a total energy level of 341 nW/cm 2 ( Fig. 2A ) in an incubator with stainless-steel reflecting inner surfaces; five No. 55 filters were used to reduce the energy level to 65 nW/cm 2 ( Fig. 2B ). It should be noted that the two intense peaks at 440 nm and 550 nm (seen clearly in 
RESULTS
The hatching rhythm Eggs of Entobdella soleae were exposed at a constant temperature (selected from the range 12-16 °C) to alternating 12 h experimental periods of light and darkness (LD 12:12*). Each day samples were searched for larvae at hourly intervals beginning at the time when the illumination was switched on. The first larvae appear in such samples about 30 days after laying at 13 °C. A characteristic daily pattern of hatching is observed (Fig. 3 , Table 1 ). On average, about 40% of the daily yield of larvae is recovered at the end of the first hour of the illumination period (Table 1) . After 2 h of light about 65 % of the daily yield has been recovered, and about 80 % after 3 h. Six hours after switching on the light hatching virtually ceases, larvae rarely being recovered during the second half of the period of illumination or during the hours of darkness. Well-marked hatching took place during the first few hours of the period of illumination even at light intensities as low as 65 nW/cm 2 ( Fig. 3) .
A preliminary experiment has been carried out using rotating polaroid sheet filters in conjunction with fluorescent lighting to simulate in the laboratory gradually increasing and decreasing light intensities at dawn and at dusk. The * In work on photoperiodism it has become customary to use the abbreviations ' L ' and 'D' for periods of light and darkness respectively (see Bruce, 1960 Darkness * Number of larvae recovered for each time interval from all three batches over a period of 15 days totalled and given as a percentage of the grand total of larvae recovered from the three batches over the whole 15-day period.
lighting was kept on continually and one of two polaroid filters, situated below the copper sulphate filter, was turned slowly through 90° over a period of about 2 h 10 min by a kymograph; in this way abrupt changes of illumination were eliminated. The preliminary test was done with a small batch of eggs yielding only
Hatching rhythm in Entobdella 109 37 larvae over a period of 6 days. No larvae were recovered at the end of the daily 10 h periods during which the polaroid filters were in the extinction position. Of the 37 larvae recovered, 29 larvae were collected in samples taken 1 and 2 h after the light intensity began to increase (i.e. after the polaroid began to rotate). A further six larvae were recovered during the next 5 h period, and two larvae were found in samples taken during the remaining 7 h period before the polaroid filters again reached the extinction position. These observations are consistent with the view that the hatching patterns of the larvae of E. soleae are similar whether the changes of light intensity are gradual or abrupt, but further experiments with larger batches of eggs are clearly needed.
When batches of eggs laid over a period of 2-3 days are exposed to alternating 12 h periods of dim blue light (turned on and off abruptly) and darkness, most of the larvae emerge during the first 2 or 3 days after hatching begins (Fig. 3) , but small numbers of larvae may continue to hatch each day for at least 2 weeks. On day 15 in Fig. 3 , when observations ended, 15% of the eggs still contained apparently fully developed larvae and 76 % of the eggs were empty (9 % of the eggs were undeveloped or partly developed). It should be stressed that hatching took place in the absence of the host. The sea water used in these experiments was taken from the surface near Plymouth and was therefore unlikely to be contaminated by soles.
Eggs of E. soleae are made at a rate of 2 per h (at 15 °C) and these are deposited singly or in groups usually of no more than two or three eggs (Kearn, 1963a) . Because the adult parasites and their hosts move about it is unlikely that eggs will be as densely crowded on the sea bottom as they are in the small perspex containers (internal diameter 8-9 mm). However, crowding does not distort the daily hatching pattern of E. soleae; most hatching takes place soon after the beginning of the period of illumination, whether the eggs are in a dense clump or scattered over the bottom and sides of a crystallizing vessel with distances of 1-10 mm between neighbouring groups of eggs.
Hatching pattern of eggs from starving and well-fed parasites
The initial observations were made on eggs laid by parasites after separation from their hosts, and it can be argued that the hatching rhythm of eggs laid by detached, starving parasites might differ from that of eggs laid by well-fed parasites attached to the host. Therefore eggs were collected from well-fed, attached parasites by placing a heavily infected sole in a shallow, flat-bottomed, glass dish containing continuously aerated sea water. Eggs laid by the parasites attached to the sole's lower surface adhered to the glass bottom of the dish, and these eggs were then harvested and placed in perspex containers for incubation in alternating 12 h periods of light and darkness. Eggs laid by these healthy well-fed parasites hatched during the first few hours of the illumination period in the same way as eggs collected from detached starving parasites. Hatchings totalled over a 7-day period.
Effect of mechanical disturbance on hatching
Although the changes in illumination would seem to provide the most obvious cues for hatching in E. soleae, it was thought that mechanical disturbance imposed by the daily sampling technique might also play an important part as a hatching stimulant. Initially, free-swimming larvae were harvested at or just before the time when the light was switched on, and subsequently at intervals throughout all (or the first half) of the illumination period. Samples were not taken at night. The observed hatching rhythm in E. soleae might be a reflexion of this daily sampling technique. It is indeed possible that mechanical disturbance of the eggs by a swimming fish may provide a natural hatching stimulus, and Bovet (1967) and Ktari (1969) have offered evidence that such a stimulus does operate in the monogeneans Diplozoon paradoxum and Microcotyle salpae respectively. However, any such stimulus is likely to be non-specific, that is, all fishes (and not only the specific hosts) which frequent the bottom may provide a hatching stimulus.
In order to investigate the influence of mechanical disturbance on hatching, two approaches were adopted. First, the rhythmical pattern of disturbance was eliminated by sampling at 2 h intervals throughout the day and night for the duration of the observation period (up to 5 days). Secondly, sampling was carried out over a restricted period of time each day, but the sampling period was shifted so that batches of eggs were left undisturbed until several hours after the light was switched on.
When a batch of eggs was maintained in alternating 12 h periods of light and darkness at 14 °C and sampled at 2 h intervals for a period of 5 days, rhythmical hatching persisted, most of the larvae emerging during the first 4 h of the period of illumination. It is particularly significant that when eggs were mechanically disturbed by the sampling technique during the latter half of the illumination period and during the hours of darkness, subsequent samples revealed no hatching as a result of the disturbance. Table 2 summarizes the results of an experiment in which restricted daily sampling was undertaken using three batches of eggs exposed to LD 12: 12 (light on at 09.00 h) at 14 °C. As in previous experiments the first attempt to harvest larvae from batch A was made when the light came on (09.00 h), and subsequently Hatchings totalled over a 3-day period.
samples were taken at 11.00 h, 13.00 h and at 15.00 h. Batches B and C were also sampled over a restricted period but the sampling period was shifted; batch B was left undisturbed until 11.00 h and then sampled at 13.00 h, 15.00 h and 17.00 h, and batch C was left undisturbed until 13.00 h and then sampled at 15.00 h and 17.00 h. If mechanical disturbance were providing the hatching stimulus then a shift in the daily sampling period would be expected to lead to a corresponding change in the hatching pattern, i.e. high recoveries of larvae would follow application of mechanical disturbance. However, no such change in the hatching pattern follows from this treatment; the largest numbers of free-swimming larvae were collected from batches B and C in the first sample of the day ( Table 2) . The incubator in which the eggs are stored, and the laboratory benches in the constant temperature room, are subject to continuous vibration from refrigeration equipment. It is conceivable that this background vibration coupled with switching on the light might together stimulate hatching. On one occasion an attempt was made to reduce this vibration by placing the vessel containing the eggs on thick layers of soft felt on a table, which was situated away from the walls of the room with its legs on damp sand. Eggs exposed to LD 12:12 were left undisturbed for the first 6 h of the illumination period. Again there was little evidence of hatching as a result of disturbance during sampling and, although the background vibration had been substantially reduced, most of the larvae were recovered as in the preceding experiment in the first sample of the day (Table 3) .
It seems that in E. soleae the kind of mechanical disturbance introduced by the sampling technique is likely to play little or no part as a hatching stimulus (with the possible exception of the special circumstances described below).
Development and hatching in the absence of light
It has been established above that light plays an important part in the rhythmical hatching of the eggs of Entobdella soleae, and so it was clearly of interest to determine whether hatching can be delayed or prevented by maintaining fully developed eggs in constant darkness and whether development of the embryo can take place in the absence of light.
In a preliminary experiment a batch of eggs laid and maintained in total darkness was used. This was achieved by removing living parasites from a sole and allowing the parasites to reattach themselves to the glass bottom of a crystallizing dish containing sea water. The dish was placed in total darkness and at daily intervals for about 1 week the water in the dish was replaced with fresh filtered sea water. This procedure, conducted in total darkness, permitted the removal of dead, detached parasites without the loss of the eggs which stuck firmly to the glass surface by means of their adhesive droplets. This dish of eggs was then placed at 14 °C (still in total darkness) on a table which had been cushioned to reduce vibration and the eggs were left undisturbed for many days beyond the expected time of hatching. Formalin was then added in darkness to the vessel and subsequent microscopic examination revealed that hatching had taken place; empty eggs and free larvae were found at the bottom of the dish. Therefore development and hatching can take place in total darkness in a situation in which vibration is kept to a minimum. Further experiments were conducted with batches of eggs reared in total darkness to determine whether hatching (and/or development) is delayed by this treatment, and to study the pattern of hatching under such conditions. Freeswimming larvae were harvested by emptying and refilling the vessel containing attached eggs as described above. The first samples were taken 1 or 2 days before the expected hatching date (based on observations on eggs exposed to alternating light and dark periods), and subsequently samples were taken every 2 h. At 13 °C the first larvae were recovered 29 days after removal of the parasites from their host. There is, therefore, no significant delay in the commencement of hatching in batches reared in total darkness; eggs incubated at 14 °C in alternating 12 h periods of light and darkness begin hatching 26-31 days after removal of the parasites from their host.
Larvae are recovered from eggs laid and maintained in total darkness at any time of day (Figs. 4 A, B) and there is little evidence of any kind of hatching rhythm. In one of the two experiments there was some evidence that free-swimming larvae were less abundant at certain times (Fig. 4B, between 12 .00 h and 18.00 h), but bearing in mind the inefficiency of the recovery technique and the small numbers of larvae recovered at the end of each 2h period,these fluctuations may have no significance. More experiments with larger batches of eggs are called for.
Although the numbers of larvae emerging during any 2 h period from eggs laid and maintained in total darkness are usually small, on one occasion mass hatching (103 larvae) occurred in the space of 1 h. The sample taken 1 h before mass recovery of larvae contained only one larva, and prior to this, apart from a single sample containing no larvae collected 48 h previously, the eggs had not been disturbed for 7 days. This initial mass hatching was followed by a fall in the hatching rate which was maintained over the next few days with little evidence of a hatching rhythm. It seems that in the absence of light, other factors can act as hatching stimuli, and it is possible that mechanical disturbance can fill this role in these special circumstances.
Effect of constant light and darkness following incubation and hatching
inLD 12:12 As it is unlikely that mechanical disturbance plays any significant part as a hatching stimulus in Entobdella soleae, except perhaps in the special circumstances just described, attention was turned to the possible role of light either as a direct hatching stimulus or as an external cue for an endogenous circadian hatching rhythm. More than 30 adult parasites from soles at the Fisheries Laboratory, Lowestoft, supplied eggs for this experiment. These parasites lived for 3-5 days after removal from their hosts and were allowed to attach their eggs to the inner surface of a thin plastic container. Each day during this period these eggs were exposed to light for 2 or 3 min in order to remove dead parasites. The rest of the time the eggs were kept in darkness at 13 °C. Eight days before the expected time of hatching the eggs use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0031182000044486
Hatching rhythm in Entobdella 115 were exposed to LD 12:12 (light on 09.00 h). Soon after hatching began the eggs were divided into three roughly equal samples by cutting up the plastic container to which the eggs were attached. One sample of eggs (Fig. 5 A) was maintained in continuous light and a second sample (Fig. 5B ) was put in continuous darkness. The third sample of eggs (Fig. 5C ) was maintained as a control in alternating 12 h periods of light and darkness. Each sample of eggs was transferred to fresh sea water and counts of larvae were taken at regular 2 h intervals over a period of 5J days, i.e. until the numbers of hatching larvae had diminished substantially.
In conditions of continuous light or continuous darkness, eggs of E. soleae which had previously been exposed to alternating 12 h periods of light and darkness, continued to hatch rhythmically with a periodicity of about 24 h for at least 5 days (Fig. 5A, B) . This indicates that there is an endogenous component in the hatching rhythm of E. soleae. When compared with the control (sample C, Fig. 5 ), larvae were recovered from sample A in constant light and from sample B in constant darkness over a longer period of time each day. Furthermore, both in constant light and in constant darkness, the numbers of larvae recovered indicate that the majority of larvae hatch a few hours later in the day compared with the control.
The hatching pattern in LD 6:18 and in LD 18:6 It is known that light-dependent endogenous rhythms in many organisms adjust to changes in the length of the illumination period, and that such flexibility is important to permit seasonal adjustment to changing day length (see DeCoursey, quoted by Harker, 1964). It is not yet known whether egg-laying in Entobdella soleae is seasonal in the sea but it is possible that the developing eggs of the parasite will be subjected to natural illumination periods of longer or shorter duration than the 12 h light period used in the experiments described above. Therefore a sample of developing eggs was divided into two roughly equal batches (A and B); batch A was exposed to a 6 h light period, beginning at 09.30 h, followed by 18 h of darkness, and batch B received 18 h of light, beginning at 15.30 h, followed by 6 h of darkness (temperature 15 °C; light intensity approximately 65 nW/cm 2 ).
Hatching began in each batch soon after the light was switched on; emergence from the two portions of eggs mostly took place during the first 6-8 h of the respective illumination period (Fig. 6) . Thus the hatching patterns of eggs reared in LD 6:18 and LD 18:6 are similar to that of eggs reared in LD 12:12. It seems that the eggs of E. soleae have the ability to compensate for seasonal differences in day-length.
The effects of reversing periods of light and darkness Many light-dependent circadian clocks in animals and plants can adjust to reversal of the light/dark periods (for example, Aschoff's work on activity of chaffinches, quoted by Harker, 1964). The following experiment was undertaken to test whether or not reversing the periods of light and darkness would affect the hatching rhythm of E. soleae. A sample of eggs was subjected to alternating 12 h periods of light and darkness (light on 09.00 h) until hatching began. The sample was then divided by eye in the incubator into two roughly equal batches. One batch of eggs (Fig. 7, batch B) was maintained under the same conditions of illumination (light on 09.00 h), while the second batch (Fig. 7 , batch A) experienced a dark period which was extended by 12 h, so that the light did not switch on until 21.00 h. Subsequently batch A received alternating 12 h periods of light and darkness, the light switching on at 21.00 each day. After only one 12 h period of light, from 21.00 h until 09.00 h, followed by a 12 h period of darkness, substantial numbers of freshly hatched larvae were recovered from batch A between 23.00 h and 05.00 h (Fig. 7) , and on subsequent days almost all the hatching in batch A took place between 21.00 h and 09.00 h, during which period hatching in batch B was not taking place. Thus after reversal of the light and dark periods, the hatching pattern also quickly reverses so that most of the larvae emerge at the beginning of the new light period. By altering the light regime in this way freshly hatched larvae can be obtained at any time of day or night. Time of egg-laying and its inflvsnce on rhythmicity As the eggs of Entobdella soleae hatch only at certain times of day, it was a possibility that egg-laying also occurred at restricted times. At Plymouth an infected sole was therefore placed in a flat-bottomed glass dish in a constanttemperature room (12 °C) with a window in a south-facing wall, so that the fish was exposed to natural daily fluctuations of illumination. Large numbers of eggs were laid during the daylight hours and during the hours of darkness.
Eggs laid during daylight hours were kept separate from those laid during the hours of darkness, and the two batches of eggs were incubated at 14 °C and exposed to alternate 12 h periods of hght and darkness. Most of the eggs, whether they were laid in daylight or in darkness, hatched during the first 4 h of the light period.
Infectivity of freshly hatched larvae
Before any attempt is made to interpret the significance of the hatching pattern of Entobdella soleae it is important to know whether there is an early period in the life of the free-swimming larva during which the larva is not infective to its host. This is particularly important in view of the observations of Paling (1969) which indicate that the oncomiracidium of Discocotyle sagittata is infective to its host only during the last 30 min of its free-swimming life (ambient temperature not given).
Freshly hatched larvae were obtained by exposing a batch of eggs to LD 12:12 (intensity 65 nW/cm118 G. C. KBAEN (09.00 h) it was confirmed that no hatching had taken place overnight. At 10.00 h many larvae were recovered. Some of these were trapped at the water/air interface, but three free-swimming larvae were selected and their responses to sole skin determined by transferring them to a small vessel containing freshly detached sole scales, each of which carries a small portion of sole skin (Kearn, 1967) . After only 20 min two of these larvae had unfolded their haptors and were firmly attached to the skin; furthermore, their ciliated cells had been shed. During the following 10 min the third larva had attached itself and shed its epidermal cells in the same way. These observations were confirmed by a second similar experiment. Therefore larvae which had emerged from their eggs at some time between 20 and 80 min previously were able to attach themselves to sole skin and lose their ciliated epidermal cells. Assuming that the oncomiracidia of E. soleae respond to intact fishes in the same way as they do to detached host scales, it seems likely that any initial uninfective phase is of short duration or absent. Since the free-swimming life of the larva will exceed 12 h at 13 °C such an uninfective period is likely to be insignificant in duration compared with the infective period.
DISCUSSION
Present scanty knowledge about the factors inducing hatching in monogenean eggs has been reviewed recently by Llewellyn (1972) . Light has been implicated as an important hatching stimulus for the eggs of monogeneans of the genus Axine by Bychowsky (1957) . He found that hatching could be delayed for long periods by storing the eggs in a dark place, and that larvae emerged readily on exposure to light. Bychowsky (1957) also recorded a general observation that the emergence of the larvae of monogeneans ' usually takes place during the warmer time of the 24 h period, predominantly in its first half, and with the lowering of temperature it is possible to retard the emergence of fully formed larvae for several days'. On the other hand, Bovet (1967) found that water turbulence acted as a hatching stimulus for Diplozoon paradoxum, and Ktari (1969) also induced hatching by mechanical disturbance in Microcotyle salpae. Ktari (1969) and Euzet & Raibaut (I960) have presented evidence of a chemical hatching stimulus in Microcotyle salpae and in Squalonchocotyle torpedinis respectively. Apart from the quotation from Bychowsky given above the only other reference to a possible hatching periodicity in monogeneans is that of Zeller (reported by Bovet, 1967) , who observed that most of the larvae of Diplozoon paradoxum emerged at 05.00 h.
In experimental situations in which temperature is kept constant and 12 h periods of light and darkness alternate with each other, most of the larvae of Entobdella soleae emerge from their eggs during the first 3 or 4 h of the illumination period. When eggs are exposed to natural daylight at constant temperature, hatching occurs during the 3 or 4 h after dawn, and this, together with preliminary observations made in the laboratory using gradually increasing and decreasing light intensities rather than abrupt changes of lighting, support the view that the daily hatching pattern is similar whether the light changes are gradual or abrupt.
Evidence for a circadian component in the hatching rhythm comes from ex- Eggs laid and incubated in total darkness develop normally and the first larvae emerge after about the same period of incubation as in batches of eggs reared in alternate 12 h periods of light and darkness (i.e. after about 30 days at 13 °C). Thus light is not essential for escape from the eggshell. In eggs laid and maintained in darkness, little evidence of rhythmical hatching could be detected, and larvae were recovered in small numbers throughout the 24 h period (cf. rhythmical hatching in constant darkness following exposure to LD 12:12 until the beginning of hatching).
In all these experiments hatching took place in the absence of the host, care having been taken to use sea water free from contamination by soles. Work on the influence of chemical substances from the host on hatching will be reported separately. There is no evidence that mechanical disturbance plays any significant part as a hatching stimulus in E. soleae.
While speculating on the possible significance of these laboratory observations to the parasite living on the sea bed, it must be borne in mind that eggs on the sea bottom would be subjected to fluctuating light intensities, lower oxygen tensions and higher hydrostatic pressures (which would fluctuate with tidal periodicity) than eggs maintained under laboratory conditions. In the laboratory it was possible to control the ambient temperature and the quality and intensity of the light. In alternating periods of artificial light and darkness (LD 12:12, LD 6:18 and LD 18:6) hatching occurred during the first few hours of the illumination period at constant temperatures selected from the range which infected soles are likely to experience. This hatching pattern persisted even in dim light, comparable in intensity (65 nW/cm 2 ) and in spectral quality with that on the sea bed where soles live. Furthermore, there is little difference between the hatching pattern of eggs exposed to artificial illumination, characterized by an abrupt change from darkness to light and from light to darkness, and that of eggs exposed to natural illumination, with a gradual change in light intensity at dawn and dusk. These observations give no indication that hatching patterns on the sea bed are likely to be different from those observed in the laboratory.
Assuming that the hatching phenomena observed in the laboratory also take place on the sea bed, then hatching during the first few hours of daylight is likely to have considerable survival value for a skin parasite with a high degree of host specificity, because it is at dawn that the host, Solea solea, becomes inactive (Kruuk, 1963) , and so becomes a stationary target for the free-swimming larvae of Entobdella soleae. Furthermore, the emergence of most of the oncomiracidia in the early morning from eggs attached to sand grains at the sea bottom, at a time when the entire population of soles is also at the sea bottom, will provide a good opportunity for infection because of the close proximity of the parasite and its host. The cruising larva may meet other fishes on the sea bottom, but a specific use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0031182000044486 120 G. C. KEARN substance (or substances) passing into the sea water from the skin of the inactive sole (which is partly buried in the sediment and thereby concealed during the day from visual-feeding predators) is detected by chemosensory organs in the larva, which then attaches itself to any exposed area of the sole's skin and loses its epidermal ciliated cells (see Kearn, 1967) . It has been established that larvae respond in this way to sole skin soon after hatching; the post-hatching uninfective phase, if it exists at all, is of short duration in E. soleae.
During the night soles are active, swimming near the bottom (Kruuk, 1963) , and, bearing in mind the slow swimming speeds of monogenean larvae (in E. soleae at 20 °C a maximum speed of 5 mm/sec or 1 m in about 3 \ min is quoted by Kearn, 1967) , even with the aid of chemoperception the chances of an oncomiracidium orientating itself towards and overtaking its faster swimming host seem remote, as Llewellyn (1972) has pointed out, and the parasite could rely at best on chance interceptions.
Presumably substances emanating from the skin of a buried sole will diffuse out into the ambient sea water and such a chemical trail is less likely to be disturbed when the sole is resting in the sand during the day (except by any strong bottom currents) than when the fish is swimming at night and therefore opportunity for host infection will be at its highest during the day.
These observations permit a comment on the significance of the transparency of the egg shell and indeed of the bodies of the larvae in Entobdella soleae. Such transparency has permitted the evolution in the parasite of a hatching rhythm which is synchronized with the behaviour pattern of its host living in the same light regime. It is of interest to note that in silk-moth pupae, in which photoperiodism plays a part in breaking diapause, there is a transparent window in that part of the otherwise opaque pupal case overlying the brain, whereas in those species in which the termination of pupal diapause is known to be controlled primarily by environmental temperature, the pupal case is opaque where it overlies the brain (Williams & Adkisson, 1964) . Over-wintering of eggs is known to take place in the monogenean Dactylogyrus vastator according to Paperna (1963) , and it is worth investigating whether or not photoperiodism plays a part in this phenomenon.
There are at least two kinds of organ in the oncomiracidium of E. soleae which might play a part in monitoring the illumination on the sea bed. In addition to the four conspicuous pigmented eyes, recent work by Lyons (1972) on the ultrastructure of the larva has revealed a pair of round-to oval-shaped vesicles, each measuring 6 /an by 4 /tm and situated close to the lateral border of the head region (2 fini beneath the inner larval epidermis), anterior to the pigmented eyes. Lyons suggests that these ciliary organs may be photoreceptors since they closely resemble the ciliary eyes of other invertebrates, for instance those of the molluscs Pecten and Cardium, and also on the grounds that membrane proliferation (presumably to accommodate visual pigment) is a common feature of most animal photoreceptors.
The special orientation of the pigmented eyes, each being able to accept only a limited cone of light (see Kearn, 1971, fig. 16 ), indicates that these eyes play a part in the orientation of the free-swimming larva with respect to light, and the unpigmented ciliated 'photoreceptors' seem likely candidates for day length monitors. According to Land (quoted by Lyons, 1972) , there is electrophysiological evidence that nerve impulses from the ciliary eyes of Pecten cease when the eye is illuminated and are resumed when the light is switched off, whereas the rhabdomeric eye of Pecten, with structural similarities to the pigmented eyes of Entobdella, signals the presence of light by production of nerve impulses at an increased rate when illuminated. It is possible then, as Lyons has pointed out, that the ciliary receptors of E. soleae signal the end of illumination, permitting detection of shadows or the onset of night, but the small size of the larvae and of their ciliary receptors rules out electrophysiological recording at the present time. Nervous response to darkness is not incompatible with a possible role as a daylength recorder; the length of the period of darkness may be measured rather than the length of the illumination period. However, the pigmented eyes appear before the larva leaves the egg; they are clearly visible through the shell for about 8 days before hatching at 14 °C (Kearn, 19636) , so the possibility that they function as daylight monitors in the developing oncomiracidium cannot yet be discarded. It is not known when the ciliary 'photoreceptors' described by Lyons appear in the embryo.
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